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Abstract 26 The growing expansion range of drug resistant parasitic nematode populations threatens the 27 sustainability of ruminant farming worldwide. In this context, nutraceuticals, i.e. feed that would 28 both fulfil dietary requirements while ensuring parasite control, would contribute to increase 29 farming sustainability in developed and low resource settings. In this study, we characterized the 30 anthelmintic potential of lupin seed extracts against major ruminant trichostrongylids, i.e. H. 31 contortus and T. circumcincta. Our observations showed that total seed extracts from commercially 32 available lupin varieties significantly inhibited larval migration. This anthelmintic effect was 33 sustained on multidrug resistant field isolate and across parasite species and was mediated by the 34 seed alkaloid content. Analytical chemistry revealed a set of four lupanine and sparteine-derivatives 35 with anthelmintic activity and electrophysiology assays on recombinant nematode acetylcholine 36 receptors suggested an antagonistic mode of action for lupin alkaloids. While commercial lupin 37 seeds did not exert direct anthelmintic effect in H. contortus infected lupin-fed ewes and goats, it 38 significantly dampened blood production losses suffered by goats. Lupin seed extracts hence 39 provide a working basis for the development of novel anthelmintic compounds able to break drug 40 resistance in the field, while they could be used to increase the resilience of infected dairy 41 ruminants.
Introduction 48 Anthelmintic resistance is a major issue for the sustainable management of both human-1 and 49 livestock-infective helminth species 2-4 . Gastro-intestinal parasitic nematodes (GIN) significantly 50 impact human development, amounting to a loss of 10 million disability-adjusted life years 5 and 51 impeding the livestock industry with production losses 6,7 . While novel control solutions are urgently 52 needed, only few anthelmintic compounds have been released in the recent years, like monepantel 8 , 53 for which field drug resistance has been described only a couple of years after its release 9 . Vaccine 54 remain difficult to design 10 and GIN show enough transcriptomic plasticity to circumvent the 55 vaccinal response of their host 11 . In the veterinary setting, the breeding of more resistant individuals 56 in less need for treatment 12, 13 , the implementation of targeted-selected treatment approaches 14 , or 57 the use of tannin-rich plant extracts 15, 16 have been studied. This latter strategy relies on the 58 combined properties of forages that show both good nutritional properties and bioactive 59 compounds, known as "neutraceuticals" 15 . This approach should limit drug residues, lower drug 60 selection pressure and can be deployed under low resource settings 16 . 61 Lupin (Lupinus sp.) is a grain legume that belongs to the genistoid clade of the Fabaceae family 17 . 62 It produces protein-and energy-rich seeds used for ruminants 18 or laying hens 19 feeding, and 63 contributes to reduce risk of obesity, diabetes and cardiovascular diseases in humans 20 . 64 Lupin also exerts antifungal properties 21 and was shown to lower soil burden of the vine parasitic 65 nematode Xiphinema index 22 . These antiparasitic properties are thought to be mediated by lupin 66 quinolizidine and piperidine alkaloid compounds, that confer both bitterness and toxicity to the 67 alkaloid-rich lupin varieties 23 . Indeed, alkaloidic compounds, like lupanine and spartein, block the 68 excitatory neuro-transmission through the binding of nicotinic acetylcholine receptors, nAChRs 23, 24 . 69 Interestingly, nAChRs are well characterized pharmacological targets for the control of parasitic 70 nematodes 25 . These transmembrane ligand-gated ion channels are made of five subunits that 71 associate together to form homo-or heteropentameric receptors 25 . Widely used anthelmintics i.e. 72 levamisole 26 , pyrantel 27 , and monepantel 28 , are agonists of these receptors, whereas derquantel, a 73 derivative from the oxindole alkaloid paraherquamide 29 , acts as a nAChR antagonist 30 . 74 Therefore, lupin seed could harbour novel anthelmintic agents of great interest for GIN control and 75 may be used as a nutraceutical for grazing ruminants. In this study, we investigated the anthelmintic 76 potential of lupin seed by exposing major parasitic trichostrongylids, i.e. Haemonchus contortus 77 and Teladorsagia circumcincta, to lupin seed extracts revealing its anthelmintic potential. We 78 performed analytical chemistry to unravel four alkaloid compounds underpinning this effect and 79 electrophysiology assay demonstrated their antagonist mode of action against nematode 80 acetylcholine receptors. In vivo trial with commercial lupin seed in growing ewe and goats was also 81 implemented. 85 As a first step, aqueous extracts from 11 alkaloid-rich and -poor lupin seeds ( Supplementary Table   86 1) were tested against drug-susceptible and multidrug-resistant H. contortus infective larvae using a 87 larval migration assay ( Fig. 1 , Supplementary Table 2 ). Every aqueous extract considered (but 88 LANG172) exerted a significant reduction of larval migration across parasite isolates whatever its 89 anthelmintic resistance status ( Fig. 1 , Supplementary Table 2 ). Extracts from alkaloid-rich seeds 90 demonstrated a 77.7% inhibition of larval migration and were thus generally more potent than the 91 alkaloid-poor varieties (27.1% ± 0.04% difference in average inhibition, F 1,63 = 28.68, P<10 -4 ; Fig.   92 1, Supplementary Table 2 ). Among alkaloid-poor varieties, extracts from ENERGY and LL049 93 exerted similar potencies across parasite isolates (57.8% ± 0.2% and 59.3% ± 0.16% respectively) 94 that significantly out-performed other alkaloid-poor varieties inhibitory effects (16.8% ± 0.03% 95 difference, F 2,27 = 62.8, P <10 -4 , Fig. 1 ). 96 In an initial attempt to establish the contribution of alkaloids to the inhibitory effect, alkaloids were 97 extracted from alkaloid-rich varieties to evaluate their inhibitory effect. Alkaloid fractions 98 inhibitory effects ( Supplementary Table 3 ) were minimal for LL151 on the fully susceptible H. 99 contortus isolate (52% ± 2.77% s.d.) and the most potent effect was observed for E063 on the 100 multidrug resistant H. contortus isolate (82% ± 3.58% s.d.). 101 After this initial screening, the anthelmintic potential of lupin seed extracts was demonstrated 102 against both drug-susceptible and multidrug-resistant isolate. One alkaloid-rich and alkaloid-poor 103 were selected for further study. The ENERGY variety was retained as the most potent commercial 104 variety that would eventually be used as a nutraceutical. The E063 variety was further considered as 105 an alkaloid-rich control given the highest inhibitory effect of its alkaloidic fraction. Lupin alkaloids are more potent than non-alkaloid compounds across isolates and nematode 108 species 109 To further characterize lupin seed inhibitory effect on parasitic nematodes, total seed extracts were 110 fractionated into alkaloidic and non-alkaloidic fractions for both E063 and ENERGY varieties. 111 Alkaloids accounted for 3.30% of the E063 seed mass whereas the alkaloid-poor ENERGY seed 112 alkaloid content amounted 0.043% of the seed mass. 113 The larval migration assay performed with each extract revealed that alkaloids of both varieties 114 significantly inhibited the larval migration in comparison to negative control across drug-resistance 115 status or nematode species (Fig. 2 , supplementary Table 4 ). Non-alkaloid compounds from 116 ENERGY had no effect on larval migration (12.5% ± 0.06% inhibition difference relative to 117 control, t 39 = -2.15, P = 0.38), whereas the E063 non-alkaloidic fraction was as potent as the 118 alkaloid fraction against susceptible H. contortus larvae ( Fig. 2a , supplementary Table 4 ). E063 119 total seed extract could inhibit the susceptible H. contortus L3 with the same magnitude as the 120 10µM levamisole solution (99.3% ± 0.06% and 82.8% ± 0.06% mean inhibition for levamisole and 121 E063 total extract respectively after accounting for migration plate effect, z-score = -2.84, P = 122 0.09). 123 Alkaloids recovered from ENERGY were significantly more potent than levamisole at inhibiting 124 the migration of the resistant isolate (24.3% ± 0.07% inhibition difference, z-score = 3.72, P = 5.1 x 125 10 -3 , Fig. 2b , supplementary Table 4 ). 126 Lupin seed total extracts and alkaloid fractions also significantly inhibited Teladorsagia 127 circumcincta infective larvae ( Fig. 2c , supplementary Table 4 ). 128 Altogether these results confirmed the potential of ENERGY and E063 alkaloids as potent 129 anthelmintics against major trichostrongylid of small ruminants and their ability to control 130 multidrug-resistant H. contortus isolate.
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Lupin seed extracts show anthelmintic effect on H. contortus infective larvae
To investigate the difference in the anthelmintic effects exerted by E063 and ENERGY alkaloids, 135 chromatographic analyses were performed on their respective alkaloid fractions ( Fig. 3a ). Lupanine 136 was the most abundant alkaloid in both cases (21.5% and 49.5% for ENERGY and E063 137 respectively, supplementary Table 5 ). ENERGY alkaloids exhibited a more complex alkaloid 138 profile (five major alkaloids identified) than E063 alkaloids ( Fig. 3a) . 139 Importantly, the qualitative differences in alkaloid profiles between varieties were also associated 140 with contrasted inhibitory effects: estimated ENERGY alkaloids IC 50 were at least 2 mg/mL lower 141 than for E063 alkaloids across H. contortus isolates (differences in IC 50 between varieties of 4.76 142 mg/mL, P<10 -4 and 2.79 mg/mL, P = 0.03 for the drug-susceptible and resistant isolate 143 respectively; Fig. 3b , supplementary Table 6 ). 144 To further delineate the inhibitory effect of alkaloids, a concentration response assay of lupanine, 145 i.e. the major alkaloid, was implemented against the susceptible H. contortus isolate 146 ( Supplementary Fig. 1 ). While infective larvae responded in a dose-response fashion after 147 levamisole exposure (IC 50 = 1.61 µM), the lupanine-induced inhibition increased in a linear fashion 148 with lupanine concentration, was highly variable and did inhibit less than 25% of the control 149 migration ( Supplementary Fig. 1 ). 150 These observations would favour a more potent alkaloid mixture in the ENERGY seeds than in the 151 E063 variety, but lupanine alone could not explain the observed anthelmintic activity. refining process was used to identify active compounds (supplementary Fig. 2, 3 ). Ten simplified and 93.6% ± 3.7% of larval migration of both drug-susceptible and multidrug-resistant isolates 161 (supplementary Table 7 ). HPLC analyses indicated that lupanine was not found in any of these 162 fractions but in fraction 5, the potency of which was more limited, i.e. 20% and 42.3% inhibition at 163 2.5 mg/mL for the susceptible and multidrug-resistant isolates respectively, in agreement with 164 observations made for synthetic lupanine (supplementary Fig. 1 ). 165 These four most active fractions (7 to 10) were then purified by semi-preparative HPLC 166 (supplementary table 5) which yielded six pure alkaloids (compounds 1 to 6; Fig. 4 ). Because of the 167 limited amount of compound available, their anthelmintic activity was tested using an Automated 168 Larval Migration Assay (ALMA) at concentrations ranging between 250 and 150 µg/mL ( Fig. 4) . 169 Among the six tested compounds, compounds 5 and 6 did not significantly inhibit drug-susceptible Fig. 5d ). This variation in 218 acetylcholine affinity across all three receptors is a typical feature of competitive antagonism. 219 Finally, we observed an 81% drop-off in the maximum amplitude of ACh-elicited currents for the 220 Cel-N-AChR whereas this maximal current was less affected (38% diminution) for levamisole-221 sensitive receptors (Fig. 5d ). This would be in favour of a non-competitive antagonism. 222 Altogether these results suggested that ENERGY potency is mediated by an antagonistic mode of 223 action of its alkaloid content. Electrophysiology also revealed striking differences between the 224 sensitivity of nicotine-sensitive AChR subtypes to lupanine that may underpin the inhibitory 225 potential of lupin extracts against the multidrug-resistant isolate. 226 227 In vivo test on growing sheep and dairy goats 228 The last step of our study was to establish whether ENERGY crude seeds could be used as a 229 nutraceutical. Homogeneous groups of growing sheep and dairy goats (supplementary Table 9 ) fed 230 with lupin were subjected to experimental infection and their performances compared to respective 231 controls fed with their classical diet (supplementary Table 10 ). Quantity of lupin in diets (250g/day 232 and 450g/day for ewes and goats respectively, supplementary table 10) was maximized but 233 constrained to feed animals with diets balanced for protein and energy requirements. As a result of 234 the infection by H. contortus, Faecal Egg Count (FEC, Fig. 6a, b ) increased throughout the 235 experiment and reached maximal values at 30 days post-infection (dpi) whereas parasitic-mediated 236 blood losses inflected haematocrit values (1.83% ± 0.45 and 1.5% ± 0.44 differences relatively to 237 18 dpi for ewes and for goats across conditions, Fig. 6c, d) . 238 FEC did not show significant differences between lupin-fed and concentrate-fed animals suggesting 239 lupin seed did not affect H. contortus within its host (P = 0.84, ߯ ଵ ଶ = 0.039 for ewes; P = 0.55, ߯ ଵ ଶ = 240 0.36 for goats; Fig. 5a, b ). On the contrary, ewes fed with lupin had higher FEC values at 30 dpi 241 than their concentrate-fed counterparts (116 eggs/g difference between groups, P = 2 x 10 -3 , t 66 = 242 3.2; Fig. 6a ). Also, lupin seeds did not delay the onset of egg excretion in sheep or goats and did not 243 alter the larval development rate measured that both remained similar between lupin-fed and others 244 in ewes and goats (supplementary Table 11 ). 245 Ewes resilience was not different between both groups as similar haematocrits were found 246 throughout the challenge (P = 0.10, ߯ ଵ ଶ = 2.68; Fig. 6b ). However, goats exhibited a slightly 247 different pattern: the overall trend in blood losses was not significantly different between diets (P = 248 0.75, ߯ ଵ ଶ = 0.10; Fig. 6c ) but blood losses were significantly reduced in goats fed with lupin at 30 249 dpi (2.41% ± 0.63 difference in haematocrit between both groups, P = 3 x 10 -4 , t 66 = 3.86; Fig. 6c ). 250 This would suggest an increased resilience in dairy goats fed with lupin seeds. But this increased 251 resilience was not observed for production traits. Growth rate deteriorated in infected ewes fed with 252 lupin seeds (-122 g/day 46.1, P= 0.01, t 3 = -2.644; Fig. 6e ) and goat milk yield remained unchanged 253 between groups throughout the experimental challenge (P = 0.83, F 3,44 = 0.3; Fig. 6e ). 254 Despite the promising compounds harboured in ENERGY lupin seeds, these observations suggest 255 that commercial lupin seed cannot be used to control major H. contortus infection in growing ewes 256 at the dose tested in this setting. Still, it may contribute to dampen blood losses suffered by infected 257 goats. Lupin seed extract preparation 336 To prepare lupin seed aqueous extracts used in the initial screening, seeds were crushed into powder 337 and incubated within water (1/5 w/w) during 48h at 20 ± 2 °C. Aqueous extract was then filtered on 338 cotton mesh before being frozen and lyophilised. For parasitological tests, lyophilised extracts were 339 diluted in water at 5 mg/mL and filtered through 0.2 µm mesh to increase solution transparency and 340 prevent the obstruction of the migration mesh, thereby preventing any interaction with the larval 341 migration assay. were deposited on migration plates with 20 µm mesh at 38°C for 2h as described elsewhere 47 . 380 Typically, for each variety of the initial screening on 11 varieties, three replicates were made and 381 normalized by six control observations. Dose-response assays were run with six control replicates 382 and four replicates by concentration tested (0, 5, 7.5 and 10 mg/mL for E063 alkaloids and 0, 2, 4, 6 383 and 8 mg/mL for ENERGY alkaloids). Table 10 ) and to fulfil animal nutritional needs (a growth rate of 150 g/day for ewes 419 and a 3.1 kg/day milk production for goats) 50 . Lupin-and concentrate-diets were similar in energy 420 (around 1,580 and 3,600 kcal NEL, for ewes and goats respectively), proteins (around 13% and 421 14% CP, for ewes and goats respectively) and fibers (around 20% and 22% CF, for ewes and goats 422 respectively). 423 The experimental infection was run indoor and was set up to mimic field chronic infection. It Statistical tests 438 The inhibitory potential of each variety was computed as: 
